Human placentation entails the remarkable integration of fetal and maternal cells into a single functional unit. In the basal plate region (the maternal-fetal interface) of the placenta, fetal cytotrophoblasts from the placenta invade the uterus and remodel the resident vasculature and avoid maternal immune rejection. Knowing the molecular bases for these unique cell-cell interactions is important for understanding how this specialized region functions during normal pregnancy with implications for tumor biology and transplantation immunology. Therefore, we undertook a global analysis of the gene expression profiles at the maternal-fetal interface. Basal plate biopsy specimens were obtained from 36 placentas (14 -40 wk) at the conclusion of normal pregnancies. RNA was isolated, processed, and hybridized to HG-U133A&B Affymetrix GeneChips. Surprisingly, there was little change in gene expression during the 14-to 24-wk interval.
In contrast, 418 genes were differentially expressed at term (37-40 wk) as compared with midgestation (14 -24 wk). Subsequent analyses using quantitative PCR and immunolocalization approaches validated a portion of these results. Many of the differentially expressed genes are known in other contexts to be involved in differentiation, motility, transcription, immunity, angiogenesis, extracellular matrix dissolution, or lipid metabolism. One sixth were nonannotated or encoded hypothetical proteins. Modeling based on structural homology revealed potential functions for 31 of these proteins. These data provide a reference set for understanding the molecular components of the dialogue taking place between maternal and fetal cells in the basal plate as well as for future comparisons of alterations in this region that occur in obstetric complications. (Endocrinology 148: 1059 -1079, 2007) S URVIVAL AND GROWTH of the fetus require normal development of the placenta, which in humans involves the formation of a transient organ with both maternal and fetal contributions. Specifically, invasive cytotrophoblasts (CTBs), components of anchoring chorionic villi, attach to and invade the maternal decidua. A subset of these cells remodel the uterine vasculature, which they also occupy ( Fig. 1 ). This process primarily occurs during the second trimester of pregnancy. The region in which maternal and fetal cells coexist is termed the basal plate or maternal-fetal interface, and its proper formation and function are required for normal pregnancy outcome. At a cellular level, many unusual processes occur in this area. For example, invasive CTBs execute a novel epithelial-to-mesenchymal transition that enables vascular mimicry (1, 2) . Perhaps most remarkably, the maternal immune system tolerates the invasion of the hemiallogeneic fetal cells for the duration of pregnancy.
Over the past several decades, a great deal of information has been gained about placental development by taking a candidate molecule approach (3). By analogy with cells and tissues that perform similar functions in other contexts, progress has been made toward understanding many components of placental development. For example, the fact that endovascular CTBs function as endothelial cells prompted investigators to study the role of vasculogenic/angiogenic molecules, including adhesion receptors, at the maternal-fetal interface (4, 5) . As in many tumors, CTBs use matrix metalloproteinases for the purpose of invasion (6, 7) . However, there are also numerous examples of seemingly novel mechanisms that are unique to placental development. For example, trophoblasts in all locations lack major histocompatibility class II expression, and upon allocation to the invasive pathway, CTBs upregulate human leukocyte antigen-G, a nonclassical major histocompatibility class I molecule, in the absence of human leukocyte antigen-A and -B expression (8, 9) . Accordingly, unbiased analyses, such as microarray approaches, are also crucial for obtaining new insights into the mechanisms that are required for normal basal plate formation and function during pregnancy.
As in many research areas, genome-wide expression profiling approaches are being used to understand trophoblast differentiation and placental development. Several types of experimental designs have been published. Aronow et al. (10) characterized human term CTB syncytialization and the role of the activator protein 2␣ transcription factor in this process (11) . Kudo et al. (12) also studied syncytialization but focused on the BeWo line rather than on primary cells. Roh et al. (13) analyzed the effects of hypoxia on human term trophoblasts, which led to their most recent work showing a role for N-myc-down-regulated gene 1 (14) . In addition, there are several published reports that describe the gene expression patterns of the placenta as a whole. Tanaka et al. (15) used a microarray approach to compare the genetic bases of murine placental and embryonic development at midgestation and subsequently validated and extended the results (16) . Hemberger et al. (17) focused on the murine extraembryonic tissues together with the adjacent decidua at d 7.5, compared with d 17.5.
The Hemberger study design took into consideration that trophoblast-decidual interactions are critical determinants of pregnancy outcome. For this reason, we used the same basic strategy, profiling gene expression at the human maternal-fetal interface during five gestational age intervals: 14 -16, 18 -19, 21, 23-24 , and 37-40 wk. RNA was isolated from the basal plate and processed to produce samples that were hybridized to high-density, short-oligonucleotide microarrays (GeneChips HG-U133A and HG-U133B; Affymetrix, Santa Clara, CA). Very few alterations in gene expression were observed during the midgestation period (14 -24 wk) . In contrast, hundreds of changes, including the expression of genes known to be up-or down-regulated over gestation, were modulated between midgestation and term (37-40 wk) . These data allowed us to identify molecules that play potentially important roles in the formation and function of the maternal-fetal interface.
Materials and Methods

Tissue collection
The University of California, San Francisco (UCSF), Committee on Human Research approved the tissue procurement protocol. Informed consent was obtained from each parturient before delivery. Basal plate biopsy specimens of the maternal-fetal interface from second-and third-trimester placentas [gestational ages 14 -16 wk (n ϭ 6), 18 -19 wk (n ϭ 9), 21 wk (n ϭ 6), 23-24 wk (n ϭ 6), and 37-40 wk (n ϭ 9)] were collected. Second-trimester samples were obtained after elective terminations of singleton pregnancies. The products of terminations performed for fetal indications, infection, or maternal health complications were excluded. Term samples were collected after cesarean delivery at the conclusion of normal nonlabored singleton pregnancies. Pregnancies complicated by fetal anomalies, hypertension, diabetes, or other significant maternal health issues were excluded. Gestational age was determined during the second trimester by measuring foot length (18) and at term by using standard dating criteria (19) . The basal plate was dissected from the placenta proper, rinsed in PBS and diced into approximately 3 ϫ 3 mm 3 pieces, which were snap frozen in liquid nitrogen and stored at Ϫ70 C. All samples were processed and frozen within 1 h of delivery. For immunohistochemistry, biopsy samples of the basal plate were fixed in 3% paraformaldehyde in PBS (wt/vol), passed through a sucrose gradient (5-15% in PBS), and frozen in optimal cutting temperature.
In addition, biopsies of several regions of the tissue were also fixed in 10% neutral-buffered formalin and embedded in paraffin. Tissue sections prepared from the blocks were stained with hematoxylin and eosin and examined by using a light microscope. In all cases, normal morphological features were noted; there were no histological signs of placental or decidual pathology.
Total RNA extraction
RNA was isolated from snap-frozen basal plate specimens using a modified Trizol method that was developed during the course of this work (20) . Briefly, homogenization of 0.9 -1 g of frozen basal plate specimens was carried out in 10 ml of cold Trizol reagent (Invitrogen, Frederick, MD) on wet ice (0 -4 C). Cellular debris was pelleted by centrifugation at 12,000 ϫ g for 10 min. Then the supernatant was transferred to Phase Lock Gel heavy tubes (Eppendorf, Netheler, Germany), and RNA was isolated according to the manufacturer's instructions. The total RNA fraction was purified further by using an RNeasy mini kit (QIAGEN, Valencia, CA) according to the manufacturer's in-
Diagram of the human maternal-fetal interface. A, Representation of the human placenta after delivery. The placental surface that was adjacent to the uterine wall is termed the basal plate. The boxed area denotes the region biopsied for these studies. B, View of the basal plate at the cellular level. This chimeric region of the placenta is composed of both maternal and fetal components: extravillous (invasive) cytotrophoblasts (dark gray), decidual cells (light gray), remodeled vasculature (both invasive CTBs and maternal endothelium) and maternal immune cells (white).
structions. Aliquots of the RNA isolated from the specimens were evaluated by using the Agilent RNA 6000 Nano LabChip kit (Agilent Technologies, Amstelveen, The Netherlands) on an Agilent Bioanalyzer 2100 system using the nano assay for eukaryote total RNA. Capillary electrophoresis data in commaseparated value files were analyzed by using the Degradometer version 1.41 software (available at www.dnaarrays.org) (21) . Only RNA with a degradation factor of less than 11 was used in subsequent microarray experiments.
Microarray hybridization
The microarray platform was the high-density HG-U133A and HG-U133B GeneChips (Affymetrix) that use 45,000-oligomer probe sets representing 39,000 transcripts. Hybridization was accomplished by using the protocol devised by the UCSF Gladstone (National Heart, Lung, and Blood Institute) Genomics Core Facility (www.gladstone.ucsf.edu/gladstone/ php/section). In brief, double-stranded cDNAs were generated from total RNA samples by using SuperScript II reverse transcriptase (Invitrogen) and a T7-oligo primer (QIAGEN). Biotin-labeled cRNA was synthesized by in vitro transcription using an Enzo Bioassay RNA labeling kit (Enzo Diagnostics, Farmingdale, NY). The labeled cRNA was purified with an RNeasy column (QIAGEN). Before hybridization, the quality of all in vitro transcription products was evaluated by using the Agilent Bioanalyzer 2100 system. Then the cRNA was fragmented at 94 C for 35 min in buffer [Tris-acetate 40 mmol/liter, potassium acetate 100 mmol/liter, magnesium acetate 30 mmol/liter (pH 8.1)]. Samples from individual basal plates were analyzed separately. Specifically, the HG-U133A and HG-U133B Affymetrix GeneChips were each hybridized with 15 g of cRNA and then washed, stained, and imaged at the Gladstone Genomics Core Facility by using standard Affymetrix protocols. Data files were deposited in the Gene Expression Omnibus data repository with accession no. GSE5999.
Data analysis
The raw image data were analyzed by using GeneChip Expression Analysis software (Affymetrix) to produce perfect match and mismatch values. Subsequently quality control, preprocessing, and linear modeling were performed using Bioconductor (22) , an open-source and opendevelopment software project based on the R statistical package (www.r-project.org). Clustering analysis was performed using Acuity software (Molecular Devices Corp., Sunnyvale, CA). Initial hybridization quality was assessed by using Bioconductor package affyPLM, and the slight variations in quality were compensated for during the preprocessing stage, which was performed in two steps. First, we used a Probe Level robust linear model (23) to obtain separate normalized log intensities for each chip (i.e. background subtraction, quantile normalization, and probe set summarization). Second, we applied a global median normalization at the probe set level to all A and B GeneChips (n ϭ 72) and then combined these data into a matrix of log 2 -based gene expression measures, in which columns corresponded to different cRNA samples, and rows corresponded to the different probe sets.
Initial analyses showed that gene expression during the second-trimester intervals was stable. Therefore, subsequent analyses were performed by comparing the gene expression data from the midgestation samples (14 -24 wk; n ϭ 27) with those obtained at term (37-40 wk; n ϭ 9). Estimated log ratios (M value) between term and midgestation were determined by using the limma software package in R (24) . Then differentially expressed genes were selected by determining the moderated t statistic-adjusted P values (Ͻ0.05 using Bonferroni correction). The results showed that the expression of 418 genes (505 probe sets) was significantly modulated. Then the normalized intensity values for this data set were centered to the median intensity value for each probe set, after which the probe sets were ranked according to their M values (representing fold change) and depicted as a gene expression color map.
The gap statistic with Euclidean distance was used to select the cluster number (k ϭ 11) for subsequent application of the K-means algorithm (25) . Then differentially expressed genes from each cluster were presented as a hierarchical dendogram of the normalized log intensity data based on the Euclidean squared metric and average linkage. This analysis enabled us to visually evaluate both transcript levels and patterns of coregulation.
Pathway and network analysis
Initially, gene ontogeny (GO) annotations were determined (www. genetools.microarray.ntnu.no) and used to categorize the differentially expressed genes according to the biological processes in which they were involved (level 2). When biological process information was lacking, genes were annotated according to molecular function. To determine whether there was a significant overrepresentation of differentially expressed genes in particular functions or physiologic processes, the data set was analyzed by using Ingenuity Pathway Analysis 3.1 software (www.ingenuity.com). The data set containing gene identifiers and their corresponding expression values was uploaded as an Excel spreadsheet using the template provided in the application. Each gene identifier was mapped to its corresponding gene object in the Ingenuity Pathways Knowledge Base. Differentially regulated genes, identified by using an adjusted P Ͻ 0.05 as the cut-off, were then used as the starting point for generating biological networks.
Specifically, all the differentially expressed genes as well as the subset that exhibited more than a 2-fold change in expression were evaluated according to their molecular and cellular functions and the physiological processes in which they participated. In addition, their participation in metabolic and signaling pathways was assessed. Finally, the differentially expressed genes were subjected to network analysis.
Quantitative PCR
RT of basal plate (total) RNA was carried out by using the TaqMan Gold RT-PCR kit (Applied Biosystems, Foster City, CA) as described by the manufacturer, followed by real-time PCR, performed in triplicate by using the Applied Biosystems 9700HT sequence detection system. All templates were amplified by using Assay-on-Demand kits (Applied Biosystems) or primer/probe sets designed by the UCSF Biomolecular Research Center (see supplemental Table 1 , published as supplemental data on The Endocrine Society's Journals Online web site at http://endo.endojournals.org). Briefly, 5 l of cDNA was added to 20 l of 1ϫ TaqMan Universal PCR master mix containing AmpErase UNG and 1 l of a primer/probe. Negative controls contained either RNA that was not reverse transcribed or lacked template inputs. Reactions were incubated at 50 C for 2 min and then 95 C for 10 min, followed by 40 cycles of 95 C for 15 sec and 60 C for 1 min. Relative quantification was determined by using the standard curve method (see Applied Biosystems user bulletin no. 2; www.appliedbiosystems.com). In preliminary experiments, we investigated the utility of 11 potential targets as endogenous controls (endogenous control plate; Applied Biosystems). The results showed that the 18S rRNA did not vary with gestational age. Accordingly, the levels of this transcript were used to obtain normalized values for the target amplicons. Then these values were calibrated to a 14-wk sample, the earliest gestational age included in our analysis. Results were reported as the relative fold mRNA levels Ϯ sd for each basal plate specimen. The means of the term and midgestation samples were compared using a two-tailed Student's t test (P Ͻ 0.05).
Immunohistochemistry
Frozen sections (5 m) cut from optimal cutting temperature-embedded tissues were washed in PBS and nonspecific reactivity was blocked with 3% BSA, 0.1% Triton X-100, and 0.5% Tween 20 in PBS for 30 min. Then the experimental sections were incubated with mouse antihuman lipoprotein lipase (LPL) antibody (1:100; 5D2; the kind gift of John Brunzell, University of Washington, Seattle, WA) for 1 h, after which they were washed in PBS three times for 5 min. Negative controls were incubated in the absence of the primary antibody. Then both experimental and control sections were incubated in rat antihuman cytokeratin antibody (CK) [1:100; 7D3 (26)]) for 1 h and washed in PBS as described above. To localize the bound primary antibodies, the sections were incubated with Alexa Fluor 594-conjugated goat antimouse IgG (1:1000; Molecular Probes Inc., Eugene, OR) and fluorescein isothiocyanate-labeled donkey antirat IgG (1:200; Jackson ImmunoResearch Laboratories, West Grove, PA) antibodies for 30 min and washed again in PBS. Tissue sections were mounted in Vectashield containing 4Ј-6-diamidino-2-phenylindol (Vector Laboratories, Burlingame, CA), which allowed visualization of the nuclei. Immunoreactivity was imaged using a Leica DM 5000B fluorescent microscope equipped with a Leica DFC 350FX digital camera (Leica Instruments, San Jose, CA).
Expression of fatty acid binding protein 4 (FABP4) in the basal plate was evaluated by using a rabbit antimurine polyclonal antibody that specifically reacted with this protein (27) . The immunostaining protocol was identical with that described for LPL except that the primary antibody was at a 1:1000 dilution and the secondary antibody was Alexa Fluor 594-conjugated goat antirabbit IgG (1:1000; Molecular Probes).
Protein function annotation by sequence homology and structural similarity
To determine the function of the differentially expressed genes that lacked annotations (www.genetools.microarray.ntnu.no; July 2005), we used protein sequence homology searches along with protein structure modeling. Briefly, protein sequences for the differentially expressed genes were extracted by using their UniGene identifiers (28) . Homology searches were done using PSI-BLAST (29) . Five iterations of the PSI-BLAST were run using an e-value cutoff of 10 Ϫ5 for sequences to be included in the profile. For protein sequences with detectable homology to other proteins of known structure, comparative structure models were built through the MODWEB server (30) , which uses the program MODELLER (31) . The resulting models were deposited in the model database MODBASE (32) . Proteins that could not be assigned a function based on homology searches were subjected to threading using the mGenTHREADER software (33) .
Results
Gene expression patterns at the maternal-fetal interface change dramatically between second trimester and term
First, we determined the gene expression profiles of 36 human basal plate samples that were collected between the gestational ages of 14 and 40 wk. The relevant clinical data pertaining to each specimen are presented as supplemental data (supplemental Table 2 ). Pair-wise comparisons between each of the five gestational age intervals showed remarkably stable patterns of gene expression among the second trimester arrays (14 -24 wk). In contrast, numerous differences were observed between midgestation (14 -24 wk) and term (37-40 wk). The differentially expressed transcripts, a total of 418 genes/expressed sequence tags (505 probe sets), were identified. Statistical analysis of maternal age and parity showed that there were no significant differences in these parameters between the RNA samples that were prepared from midgestation and term basal plate biopsies.
An MA scatter-plot that depicts the fold change and signal intensity for every probe set is presented as supplemental data (supplemental Fig. 1 ). The differentially expressed genes normalized to the median value and ordered by their fold change are shown as a heat map in Fig. 2A . The areas that contain the 35 most highly up-or down-regulated probe sets have been enlarged and annotated (Fig. 2B , upper and lower panels, respectively). Annotation of the complete heat map is provided as supplemental data (supplemental Fig. 2 ). The entire set of genes that were up-regulated at term is summarized in Table  1 , where they are also categorized according to the biological processes in which they participate or their molecular functions based on the relevant GO annotation (www.genetools. microarray.ntnu.no). The probe set identifier, gene symbol, GO annotation, and fold change are also included in Table 1 . Table 2 presents analogous information concerning the genes that were down-regulated at term. As expected, genes with known expression patterns, either up-regulated [e.g. CRH (34) and inhibin-␤A subunit (35) ] or down-regulated [e.g. C-X-C chemokine ligand 14 (36) and angiopoietin-2 (ANGPT-2) (5)] at term, were present in the data set.
Coregulation of differentially expressed genes
To examine patterns of coexpression and possibly coregulation, we performed K-means cluster analysis. Cluster sizes ranged from 4 to 121 probe sets. Five clusters contained upregulated genes and six clusters contained down-regulated genes. Examples of the clusters (n ϭ 4) created are shown as heat maps that were constructed by hierarchical clustering of the log intensity data (Fig. 3 ). The remaining clusters (n ϭ 7) are available as supplemental data (supplemental Fig. 3 ). Cluster A is composed of four probe sets for two genes, ANGPT-2 and microcephalin (MCPH1; formerly hypothetical protein FLJ12847). The Pearson correlation coefficients among these four probe sets were extremely high (0.92-0.97), suggesting very tight coregulation. On further examination, the chromosomal location for both genes was found to be 8p23.1, in which they are transcribed from the same DNA sequence in opposite directions. Cluster B contains the most highly up-regulated genes: LPL, FABP4, CRH, HBB, and ALPP. Cluster C includes a significant proportion of genes with immunological functions that are regulated in a similar manner. Finally, cluster D contains numerous genes that encode proteins with unknown functions.
Differentially expressed genes: functions, pathways, and networks
The GO annotations suggested that the differentially expressed genes were involved in a variety of biological processes. At least one sixth were expressed sequence tags or hypothetical proteins and thus were not annotated. Of the known differentially expressed genes, 17 were related to lipid metabolism, 10 were involved with formation or regulation of the extracellular matrix, 21 were immune effectors or modulators, 24 were transcription factors, and six had angiogenic/vasculogenic functions. Interestingly, of the 39 genes that were involved in signal transduction, five functioned in the Wnt-␤-catenin pathway (FRAT1, CTNNBIP1, DKK1, SFRP1, and KREMEN1).
The GO annotations indicated that the differentially expressed genes within the basal plate region were involved in a variety of specific functions and biological processes. Thus, we used Ingenuity Pathway Analysis (IPA) to determine the significance of these observations. IPA showed that 23 molecular functions and 22 physiologic processes included more differentially expressed genes than would be expected by chance (Ϫlog [significance] of Ͼ 1.25, which corresponds to a P Ͻ 0.05; see www.ingenuity.com). These results, summarized by functional categories, are shown as supplementary data (supplemental Fig. 4 ). Genes that had at least a 2-fold change in expression were most significantly represented in the following categories: cell movement, cell-cell signaling, cell death, lipid metabolism, small molecule biochemistry, and gene expression.
Next, we used the IPA software to further evaluate the participation of the differentially expressed genes of the human basal plate in metabolic and signaling pathways (supplemental Table 3 ). Analysis of genes with at least a 2-fold change highlighted two metabolic pathways: folate biosynthesis and N-glycan degradation involving mannose-con-taining structures. With regard to signaling, the differentially expressed genes were significantly overexpressed in the Wnt-␤-catenin (supplemental Fig. 5 ) and TGF-␤ pathways. Finally, several other pathways were just below the 1.25 threshold, namely peroxisome proliferative activated receptor and IL-6.
We also used the IPA software to map networks of the differentially expressed genes at the human basal plate. The largest network contained genes that were involved in cell motility, cell-to-cell signaling/interaction, and tissue development. Diagrams of these networks are shown as supplementary data (supplemental Fig. 6 ). 
Confirmation of the microarray results
To further validate the microarray data, we used two approaches: quantitative PCR (Q-PCR) to assess relative mRNA levels and immunolocalization to confirm differential expression at the protein level. With regard to Q-PCR, our analysis focused primarily on the genes that exhibited the greatest fold change and those that encoded hypothetical proteins with potentially novel functions. The sequences of the primer/ probe sets are shown as supplemental data (supplemental Table 2 ). The 14 genes that we subjected to Q-PCR analyses all showed the expected expression patterns (Fig. 4) . Six were up-regulated: CRH, hypothetical protein LOC284561, mucin 15 , trophoblast-derived noncoding RNA, hypothetical protein FLJ11292, and platelet/endothelial cell adhesion molecule-1 (Fig. 4A) . Eight were down-regulated: MCPH1, target of Nesh-SH3, chemokine ligand 14, hypothetical protein FLJ11539, phospholipase A2, group VII, transcription factorlike 2, adipocyte-specific adhesion molecule, and vascular cell adhesion molecule 1 (Fig. 4B) . Additionally, the Q-PCR data and log intensity values for each basal plate specimen showed a high degree of cross-correlation (Fig. 4, A and B) . With regard to the immunolocalization experiments, we focused on LPL, one of the lipid metabolizing enzymes that were highly up-regulated (3.7-fold) at the mRNA level over gestation. The staining pattern of LPL, which was primarily cytoplasmic, changed with advancing gestational age. Specifically, at 16 wk, the vast majority of cells in the basal plate region, including CK-positive CTBs within the uterine wall, failed to react with anti-LPL (Fig. 5A, b and c) . At 23 wk, a slightly higher level of immunoreactivity was detected, pri-FIG. 3. Selected K-means clusters of differentially expressed genes that are coexpressed. Differentially expressed probe sets were clustered into 11 groups using K-means (Euclidean). Clusters A, B, C, and D are presented as heat maps of the normalized log intensity data, which allows visual assessment of the signal intensity and the degree of change over gestation. Arrays (columns) are arranged from left to right, ordered by increasing gestational age. Each probe set is annotated with the probe set ID, gene symbol, chromosomal location, and fold change. The seven additional clusters that were generated are included as supplemental data (supplemental Fig.  3 ).
FIG. 4. Q-PCR confirmation of a subset of differentially expressed genes. Samples of total RNA isolated from basal plate biopsy specimens that were obtained at midgestation (14 -24 wk; n ϭ 8 or 9) or term (37-40 wk; n ϭ 4 or 5) were analyzed using TaqMan primer/probe sets. A, Q-PCR data for transcripts up-regulated at term: CRH (P ϭ 0.0003), hypothetical protein LOC284561 (P ϭ 0.0006), mucin 15 (MUC15; P ϭ 0.00002), trophoblast-derived noncoding RNA (TncRNA; P ϭ 0.01), hypothetical protein FLJ11292 (P ϭ 0.04), and platelet/endothelial cell adhesion molecule-1 (PECAM1; P ϭ 0.03). Relative RNA levels were normalized to 18S values and then divided by a calibrator, in this case a 14-wk sample. Each bar represents the mean Ϯ SD of triplicate determinations (midgestation, light gray; term, dark gray). Dashed lines are the mean values for the midgestation or term samples. Significance was determined by using Student's t test (P Ͻ 0.05). For comparison, the insets show the corresponding microarray log intensity data for the same samples (log 2 ). 4. Continued. B, Q-PCR data for transcripts down-regulated at term: MCPH1 (P ϭ 0.054), target of Nesh-SH3 (TARSH; P ϭ 0.008), chemokine (C-X-C motif) ligand 14 (CXCL14; P ϭ 0.02), hypothetical protein FLJ11539 (P ϭ 0.008), phospholipase A2, group VII (PLA2G7; P ϭ 0.002), transcription factor-like 2 (TCF7L2; P ϭ 0.12), adipocyte-specific adhesion molecule (ASAM; P ϭ 0.01), and vascular cell adhesion molecule 1 (VCAM1; P ϭ 0.34).
FIG.
marily in association with CTBs; intense staining was occasionally observed (Fig. 5A, e and f) . In contrast, many CTBs exhibited strong immunoreactivity at 39 wk (Fig. 5A, h and i), and minimal staining was detected in association with the decidua.
We also used an immunolocalization approach to validate up-regulation of FABP4 expression at term. In accord with the microarray data, faint immunoreactivity was detected in association with cells of the basal plate during the second trimester. Maternal cells (CK negative) expressed FABP4 in the cytoplasmic compartment (Fig. 5B, c) , although occasional nuclear staining was also observed in some of the earlier gestation samples (data not shown). Fetal cells (CKpositive trophoblasts) showed essentially no FABP4 staining.
In contrast, strong FABP4 immunoreactivity was detected in association with cells of the basal plate at term. In general, the fetal cells had intense nuclear and minimal cytoplasmic staining. Maternal cells had a similar staining pattern, but at much lower levels (Fig. 5B, f) .
Protein modeling to gain insight into possible functions of the nonannotated differentially expressed genes
Given the large number of hypothetical proteins and nonannotated sequences among the differentially expressed genes, we used modeling to gain insight into their potential functions. Of the 78 hypothetical proteins or nonannotated sequences encoded by the differentially expressed genes that Merging of the green (CK) and red (LPL) images showed that CTBs stained for LPL, and expression increased dramatically with advancing gestational age (c, f, and i). Each inset is a ϫ63 magnification of the region contained within the white dashed lines (d-i). Photos are representative of the basal plate staining at 16 wk (n ϭ 3), 23-24 wk (n ϭ 5), and 37-40 wk (n ϭ 4). B, Expression of FABP4, which is localized to the nuclei of human basal plate CTBs, increased expression at term. Human basal plate biopsy specimens from 19-wk (a-c) or 37-wk (d-f) placentas were stained with anti-CK (1: 50) to identify the invasive CTBs (a and d) and Hoechst (1:1000) to identify nuclei. Sections were costained with anti-FABP4 antibody (1:1000; b and e). Strong FABP4 immunoreactivity was detected in association with cells of the basal plate at term, compared with the second trimester (compare b and e). CK-positive CTBs stained primarily in a nuclear pattern, whereas staining in maternal cells was largely in the cytoplasmic compartment (c and f). Photos are representative of the basal plate staining at midgestation (15-24 wk; n ϭ 11) and term (n ϭ 3).
were evaluated, 31 were reliably annotated for potential functions. These results are shown in Table 3 . Subsets of potential functions included myosin related molecules, enzymes, and ribosomal-like proteins. The complete analysis with links to the MODBASE models is provided as supplemental data (supplemental Table 4 ).
Discussion
We performed a global analysis of gene expression profiles at the human maternal-fetal interface between midgestation (14 -24 wk) and term (37-40 wk) . The 418 differentially expressed genes included molecules with well-characterized expression patterns, specifically up-regulation of CRH, and the inhibin-␤A subunit and down-regulation of C-X-C chemokine ligand 14 and angiopoietin-2, which served as positive controls. The analysis also revealed a number of novel observations, such as the large proportion of nonannotated or hypothetical proteins. Independent analyses of the ex-pression patterns of 16 of the most highly regulated genes gave the predicted results, suggesting the validity of the data set as a whole. The differentially expressed genes encompassed numerous biological processes, including angiogenesis, cell motility, extracellular matrix modulation, gene transcription, signal transduction, immune response, protein biosynthesis, and lipid metabolism. The significance of a portion of these data are discussed in greater detail below. K-means cluster analysis showed that some genes were tightly coexpressed, suggesting the possibility of common regulatory mechanisms. Pathway analysis demonstrated significant alterations in several metabolic and signaling processes. Most notably, a number of differentially expressed genes were associated with folate biosynthesis, N-glycan biosynthesis, and Wnt-␤-catenin signaling. Modeling of the hypothetical proteins and nonannotated sequences suggested possible functions for a subset of these putative molecules. Together, these data provide new insights into the dynamics of gene expression at the human maternal-fetal interface during pregnancy and numerous directions for additional functional analyses. To our knowledge, this is the first application of a microarray approach for profiling the gene expression patterns over gestation of the conjoined areas of the human placenta and decidua that compose the maternal-fetal interface. Given the revised estimate that the human genome contains 29,000 -36,000 protein-encoding genes (37) , our analysis of 39,000 transcripts generated a comprehensive data set. We note that other investigators have used microarray technologies to evaluate gene expression patterns during human trophoblast or placental development. Cheng et al. (11) used a cDNA platform with 9600 cloned sequences to separately evaluate the gene expression profiles of first-trimester decidua and chorionic villi. In their analysis, the maternal-fetal interface was deliberately excluded. Recently Wyatt et al. (38) compared gene expression patterns of samples taken from the medial and lateral portions of the placenta. In many instances, no spatial variations were noted, but in a few cases, up to a 3-fold difference was observed. Although that paper was published after the samples for our study had been collected, we took this potentially confounding factor into account by pooling samples from both locations. Most recently Sood et al. (39) reported the gene expression profiles of different anatomical locations of human placentas that were obtained after normal term deliveries.
In this study, our goal was to begin to analyze the molecular components of the dialogue that takes place between maternal and fetal cells in the human basal plate region over gestation. In interpreting the microarray data obtained from analysis of this complex tissue, we were cognizant of the fact that differential gene expression could reflect changes that involve one or multiple cell types, with alterations in the cellular composition of the basal plate region yet another possibility. Further investigation of the expression patterns and biological functions of the up-and down-regulated molecules will shed additional light on this issue. Another potential confounder could be maternal blood contamination. The maternalfetal interface is richly vascularized, and blood flow to this region increases at term. Furthermore, it is impossible to completely remove blood cells from this tissue, even by multiple washes in large volumes of PBS, the procedure we used. Therefore, the expression levels of hemoglobin-␤, a transcript that is highly expressed in red blood cells, were evaluated in relationship to the expression patterns of the differentially expressed genes. This analysis showed that only hemoglobin-␦ expression correlated tightly with that of hemoglobin-␤ (Pearson's coefficient r 2 ϭ 0.92), followed by Kruppel-like factor 2 (r 2 ϭ 0.757), which was below the level of significance. Therefore, these results suggest that none of the expression patterns of the other differentially expressed genes can be solely explained by varying amounts of blood contamination. Finally, drug exposure could also be a possible confounder because we did not have access to the clinical data regarding the type of sedation that was used in each case. In general, the midgestation procedures were performed under conscious sedation (fentenyl and versed), and patients who under-went cesarean sections had regional anesthesia (epidural or spinal).
Because the basal plate region is comprised of a mixture of maternal and fetal cells, we also determined whether changes in the proportion of cytotrophoblasts could account for any of the differentially expressed genes. To address this possibility, we exploited the fact that approximately 50% of the placentas were from pregnancies in which the fetus was male. We thus estimated the contribution of fetal cells by examining the expression patterns of two Y-linked genes, ribosomal protein S4 -1 and (DEAD) box polypeptide 3. Analysis of the data showed that the log intensity values of these probe sets had less variability than those of the differentially expressed genes. Furthermore, there was no significant correlation between the expression patterns of these transcripts and genes that were either up-or down-regulated over gestation (Pearson correlation coefficients Ͻ 0.8). Additionally none of the differentially expressed genes showed significant correlations with cytokeratin-7, which is specifically expressed by all the trophoblast populations in this region (Pearson Ͼ 0.08). Together, these data suggest that the observed changes in gene expression were unlikely to be attributable to variable contributions of fetal cells to the basal plate samples we analyzed.
With regard to specific categories of the differentially expressed genes, we were particularly interested in those that we had not expected to show dramatic patterns of regulation, e.g. molecules that play a role in lipid metabolism. As a result, we included a number of these gene products in the validation studies. Immunolocalization of LPL and FABP4 illustrated the fact that the differentially expressed genes that were identified in the microarray analysis can reflect changes that occur in either a single cell type or both maternal and fetal cells. Specifically, our analysis showed that invasive CTBs dramatically up-regulated expression of cytoplasmic LPL levels at term with minimal expression noted in maternal cells. This pattern of regulation is in contrast to maternal plasma LPL levels, which decrease during human pregnancy (40) . It is possible that the increase of CTB LPL expression at term occurs in response to an increased demand for fatty lipid precursors that are used in the synthesis of prostaglandins required for labor. This theory is supported by the analysis of the LPL immunoreactivity that is associated with the cells that compose the human fetal membranes at term (i.e. the location of known prostaglandin production for parturition). Specifically, anti-LPL localized to the basolateral surface of amniotic epithelia, the chorionic CTB layer exhibited plasma membrane immunoreactivity, and the extracellular compartment stained as well (41) . It is interesting to note that invasive CTBs and cells of the amnion/chorion appear to have different subcellular patterns of LPL distribution. In this regard, the fetal membranes studied by Huter et al. (41) were obtained after vaginal delivery, whereas our samples were obtained from patients who did not experience labor. Together, these findings suggest that LPL might be stored within the cell before initiation of parturition, subsequently localizing to the plasma membrane and extracellular compartment during the delivery process.
The expression of FABP4, or adipocyte P2, which plays a role in lipid signal transduction, also increased dramatically at term predominantly in the invasive CTBs; decidual cell expression was detected from midgestation onward. This molecule, which is highly expressed in adipose tissue, serves as a marker of adipocyte maturation (42) . Like other FABPs, its functions include fatty acid uptake and intracellular shuttling (43) . Consistent with this role, FABP4 physically interacts with the hormone-sensitive lipase of adipose tissue, binding a fatty acid product, thereby facilitating lipolysis (44) and intracellular delivery of ligands to regulatory proteins. Indeed, FABP4 specifically provides lipid ligands to the nuclear receptor peroxisome proliferative activated receptor-␥, which in turn regulates gene transcription (45) . To our knowledge, this is the first report of FABP4 expression in the human basal plate. Of note is the fact that FABP4, LPL, and CRH (cluster B) had very similar expression patterns, with r 2 values of 0.84 to 0.85. The coexpression of these molecules in the basal plate region suggests that enhanced availability of fatty acids may be part of the molecular preparation for parturition. The coregulation of these molecules also raises the possibility that CRH may govern LPL and FABP4 expression. In this regard, there is a recent report that CRH influences the functions of other lipases (46) . Alternatively, the coexpression of all three molecules might be governed by a higher-order mechanism, the basis of which could provide important new clues to the signals that trigger labor.
Examination of the highly regulated immune molecules highlighted the possibility that changes in gene expression could reflect alterations in the cellular composition of the basal plate. The expression of granulysin, which localizes to the cytolytic granules of T cells, natural killer (NK) cells (47) , and certain dendritic cells (48) , is down-regulated at term. We speculate that the decreased expression we observed reflects the known parallel decrease in the number of T and NK cells at the maternal-fetal interface at term (49) . The down-regulation of the expression of Ly96, another NK cellspecific molecule, provides further support for this concept. Although the mechanisms that lead to the eventual disappearance of decidual leukocytes from the maternal-fetal interface are not known, the decrease in expression noted for the chemotactic molecules, such as chemokine-like factor superfamily 6 and secreted phosphoprotein 1 ( Table 2) , could be a related phenomenon.
Our group has also been interested in the functions of the myriad of angiogenic factors that are produced at the maternal-fetal interface (3, 50) . Consistent with our previously published work, we found that the down-regulated genes included ANGPT-2 (51). This microarray analysis also revealed a striking co-down-regulation at term of ANGPT-2 and MCPH1. MCPH1 controls brain size in humans by regulating the proliferative and hence differentiative capacity of neuroblasts, ultimately exerting its affects through cell cycle regulators such as checkpoint kinase 1 and breast cancer 1 (38, 52) . MCPH1 was previously reported to be expressed by (fetal) brain, liver and kidney. Thus, it will be interesting to determine which cell type(s) at the maternal-fetal interface expresses this molecule. Additional analysis of the ANGPT-2 and MCPH1 genes revealed they are transcribed from opposite strands of the same region (chromosome 8p23.1). Their tight co-expression suggests that transcription from this area could be silenced at term, perhaps by local chromatin modifications or the recruitment of inhibitory protein complexes to the same promoter element. It will be interesting to determine whether the pattern of coexpression of AN-GPT-2 and MCPH1 occurs in other tissues or is placental specific. Finally, there is evidence that strong genetic selection has been exerted on MCPH1 during recent human evolution (53) . Whereas the most obvious selection pressure may be on brain size, another interesting possibility is that the placenta is coevolving.
In summary, the maternal-fetal interface is a remarkable chimeric tissue that holds the answers to many interesting biological questions regarding invasive behavior, vasculogenesis/angiogenesis and immunotolerance. Our study provides a global analysis of the expression patterns of genes that are involved in these and other processes. The fact that molecules with known expression patterns were correctly regulated bolsters our confidence in the novel data we obtained. Finally, the results of this study provide reference data sets of gene expression profiles against which changes that occur in a variety of pregnancy complications can be measured. For example, impaired CTB invasion has been associated with recurrent miscarriages (54, 55) , preeclampsia (56), intrauterine growth restriction (56) , and a subset of preterm labor cases (57) . Now we are in a position to differentiate changes in gene expression that occur in these conditions from those that are attributable to advancing gestational age.
